Introduction
============

Arsenic (As) is toxic to both plants and animals, so that entry into and movement through food chains pose significant problems for human health (Heikens et al., [@B17]; Zhao et al., [@B40]). In consequence, considerable attention is being paid to the mechanisms by which As is absorbed and redistributed in plants, as well as to strategies that may reduce uptake and/or provide a basis for remediation of contaminated soils (Heikens et al., [@B17]; Zhao et al., [@B39], [@B40]). Here we focus on arsenate (AsV), which is the main arsenic species occurring in aerobic soils. Arsenate is an analog of orthophosphate (Pi) and both AsV and Pi are absorbed by the same Pi transporters in the root hairs and epidermis (Heikens et al., [@B17]; Zhao et al., [@B39], [@B40]). Most research, particularly that carried out in solution culture, has focused on AsV uptake via this direct pathway and on the way that Pi may compete with it. However, the majority of plants grown in non-sterile soil form arbuscular mycorrhizas (Smith and Read, [@B33]) which provide an additional, arbuscular mycorrhizal (AM) pathway by which nutrients, particularly P, are absorbed and transported to root cortical cells via the AM fungus (Smith et al., [@B32]). The AM pathway is distinct from the direct pathway; it involves different cell types, different Pi transporters, and is likely to be separately regulated (Smith and Smith, [@B34]; Smith et al., [@B32]). Although the AM pathway is potentially capable of transporting As, new knowledge of the interplay between the activities of direct and AM pathways is beginning to reveal the mechanisms underlying the effects that AM symbioses have in ameliorating the toxic effects of AsV on plant growth (Christophersen et al., [@B11]; Smith et al., [@B31]).

Arbuscular mycorrhizal symbioses ameliorate As toxicity and AM plants consistently show higher P/As ratios in tissues than non-mycorrhizal (NM) counterparts (see Smith et al., [@B31] for references). This indicates that the uptake pathways in AM and NM plants discriminate differently between Pi and AsV. Previously we used barley (*Hordeum vulgare*) as the host for the AM fungus *Glomus intraradices* because this plant does not respond positively to the symbioses in terms of growth or P uptake; hence interpretation of effects of the symbiosis on Pi and AsV uptake were not confounded by markedly different sizes and P nutrition of the AM and NM plants (Christophersen et al., [@B11]). It is known that the AM pathway plays a major role in uptake of Pi by barley (Zhu et al., [@B42]; Grace et al., [@B15]), and that activity of the direct pathway is concurrently reduced because there is no increase in total P uptake per plant (see Smith et al., [@B30]; Smith et al., [@B32]). In the work of Christophersen et al. ([@B11]), the reduction of direct pathway activity in AM plants was associated with lower expression of the epidermal Pi transporters (*HvPht1;1* and *HvPht1;2*) involved in Pi and AsV uptake, while the expression of the AM-inducible transporter *HvPht1;8*, responsible for Pi uptake by root cortical cells in the AM pathway, was highly up-regulated and unaffected by As application. AM plants had lower specific AsV uptake (uptake per unit weight of root) and higher P/As ratios in shoots than NM plants. Results supported the hypothesis that down-regulation of the direct pathway lowers both AsV and Pi uptake via that route, while activity of the AM pathway in Pi uptake compensates for lower Pi uptake via the direct pathway but transports little or no As.

Most work on the effects of AM symbiosis on As toxicity has been done with plant species that grow larger and take up more P when AM, compared with NM counterparts. In such species, the AM pathway delivers large amounts of P to the plant and effects of AM colonization in decreasing P (and potentially As) delivery via the direct pathway are not as clear as they are in non-responsive plants such as barley. If there is no functional down-regulation of the direct pathway in responsive AM plants, then specific uptake of AsV by this route should remain unchanged, but overall discrimination of uptake in favor of Pi (and hence increased P/As ratios) would be provided by high delivery of P and low (or negligible) delivery of As via the AM pathway, as suggested by Christophersen et al. ([@B11]). Previous work has consistently shown higher specific P uptake in AM-responsive plants in the presence of As, compared with NM counterparts. However, effects on specific As uptake ranged from decreases (Ultra et al., [@B36]) to increases (Liu et al., [@B22]; Xia et al., [@B38]), with several reports of no effects (Ahmed et al., [@B1]; Pope, [@B27]; Pope et al., [@B28]; Xia et al., [@B38]). These differences leave open the question of whether down-regulation of the direct pathway is involved in lowering AsV uptake. In this paper we examined this hypothesis by investigating the effects of AM colonization by two different AM fungi on As toxicity in and Pi and AsV uptake by medic (*Medicago truncatula*), a plant that frequently responds positively to AM colonization in terms of growth and P uptake. We used soil P levels designed to lower these responses. We made concurrent measurements of the expression of plant Pi transporters in the direct pathway (*MtPht1;1* and *MtPht1;2*) and the AM-inducible Pi transporter gene *MtPht1;4* (involved in operation of the AM pathway). We also examined the expression of two other genes encoding P transporters in roots (*MtPht1;5* and *MtPth1;6*), whose expression patterns and responses to P supply and AM colonization are less well known (see Grunwald et al., [@B16]). Expression of a P starvation response gene *MtMT4* (Burleigh and Harrison, [@B7]) and of two genes potentially involved in As detoxification mechanisms \[a phytochelatin synthase (PCS) gene and an arsenate reductase (ACR gene)\] were also included to check whether the treatments influenced P starvation at the molecular level and whether the As detoxification mechanisms were influenced by AM colonization (see Table [1](#T1){ref-type="table"}).

###### 

**Summary of information[^1^](#tfn1){ref-type="table-fn"} on genes chosen for expression analysis in medic (*Medicago truncatula*) plants**.

  Gene name (abbreviation)                   Identity                                                       Tissue location                             Affinity for Pi   Effect of increased P   Effect of AM status of roots[^2^](#tfn2){ref-type="table-fn"}
  ------------------------------------------ -------------------------------------------------------------- ------------------------------------------- ----------------- ----------------------- ---------------------------------------------------------------
  *MtMT4*                                    Non-coding RNA, involved in Pi-deprivation signaling pathway   Roots                                       NA                Decreased               Decreased
  *MtPht1;1* (*PT1*)                         Pi transporter                                                 Root epidermis and cortex                   Low               Slowly decreased        Decreased
  *MtPht1;2* (*PT2*)                         Pi transporter                                                 Root epidermis cortex and vascular tissue   Low               Slowly decreased        Decreased or little affected
  *MtPht1;4* (*PT4*)                         Pi transporter                                                 AM root cortex                              Low               Not known               Large increase
  *MtPht1;5* (*PT5*)                         Pi transporter                                                 Root epidermis cortex and vascular tissue   High              Rapidly decreased       Maintained or decreased
  *MtPht1;6* (*PT6*)                         Pi transporter                                                 Roots. Other tissues not reported           Not reported      Unaffected              Decreased
  *MtACR*[^3^](#tfn3){ref-type="table-fn"}   Arsenate reductase                                             No previous information                                                               
  *MtPCS*[^3^](#tfn3){ref-type="table-fn"}   Phytochelatin synthase                                         No previous information                                                               

*^1^Information on phosphate transporters and MtMT4 based on Burleigh and Harrison ([@B6]), Burleigh and Harrison ([@B7]), Grunwald et al. ([@B16]), Javot et al. ([@B19]), Liu et al. ([@B21]). For arsenate reductase and phytochelatin synthase see text*.

*^2^Differential effects depending on fungal identity have been reported in some cases*.

*^3^Putative genes for which no previous information is available. For sequence identification procedure, see text*.

*Glomus intraradices* was chosen as one AM fungal symbiont because it was the fungus used in our previous experiments with barley (Christophersen et al., [@B11],[@B12]) and *M. truncatula* (Pope et al., [@B28]) and *Glomus mosseae* because it has been used with several different responsive plant species in many of the previous investigations of effects of AM fungi on As toxicity (e.g., Liu et al., [@B22]; Ahmed et al., [@B1]; Chen et al., [@B9]; Xia et al., [@B38]).

Materials and Methods
=====================

Soil
----

A low P, fine sandy loam from an undisturbed and unfertilized site within the cemetery at Mallala, South Australia, was collected from the top 20 cm and passed through a 5-mm sieve. Soil and fine quartz sand were separately sterilized by autoclaving twice over 3 days at 121°C for 1 h. The Mallala loam contained 13.8 mg P kg^−1^ (Olsen P) (Olsen et al., [@B26]). In addition it contained 1.7 g kg^−1^ total N, 731 mg K kg^−1^, and 10.3 mg S kg^−1^; the pH was 7.7 (CaCl~2~). Soil was mixed with sand in the ratio of 1:9 (soil: fine sand). This mix will be referred to as soil hereafter. Additional P was applied as KH~2~PO~4~ to provide additional 10 and 20 mg P kg^−1^ soil, referred to as Low P (LP) and High P (HP) hereafter. P was added to reduce both the likelihood of serious P deficiency and the probability of very large size differences between AM and NM plants. For addition of AsV, KH~2~AsO~4~ was added to provide 2.5 and 5 mg As kg^−1^ soil. These P and As levels were chosen based on our previous work showing that they permit colonization by AM fungi (Christophersen, H. M., unpublished). The soil was incubated for 1 week to allow the ions to equilibrate with the soil.

Inoculum
--------

*Glomus intraradices* Schenck and Smith DAOM181602 (WFVAM10) and *G. mosseae* (Nicol. & Gerd.) Gerdemann & Trappe BEG161 (WFVAM45) were used as the AM fungal symbionts. Inoculum was produced in pot cultures with clover (*Trifolium subterraneum* L.) in the same soil as used for the main experiment. No *Rhizobium* was added. Pots received 10 ml week^−1^ of half-strength Long Ashton solution minus P (Cavagnaro et al., [@B8]) and containing twice the concentration of NaNO~3~ in order to suppress nodulation. Plants were grown for 8--12 weeks and then allowed to dry down until used. Clover grown under similar conditions with no added AM fungal inoculum was used as NM mock inoculum. Before drying roots were cored and colonization recorded. The inoculum, a dry crude pot culture material containing soil, roots, spores, and hyphae, was thoroughly mixed with the soil at a rate of 10% w/w. The NM pots were prepared as described for AM pots by adding dry mock inoculum.

Experimental design
-------------------

The experiment had a factorial design, with As and P levels and inoculation as factors. Three As levels (0, 2.5, and 5 mg As kg^−1^ soil), two P levels (10 and 20 mg P kg^−1^ soil), and three inoculation treatments (NM, *G. intraradices* and *G. mosseae*) were included. The P and As treatments are henceforth abbreviated as LP and HP and 0 As, 2.5 As, and 5 As. Each treatment was replicated five times. Pots were arranged randomly on a glasshouse bench and randomly rearranged twice weekly during the growth period to take into account variations in environmental conditions.

Seed sterilization, plant growth, and sample collection
-------------------------------------------------------

Seeds of *M. truncatula* L. cv. Jemmalong were surface-sterilized in household bleach for 10 min, rinsed with reverse osmosis (RO) water and placed on wet sterilized filter paper for 2 days at 25°C, in the dark. One germinated seed was planted per pot. One seedling had to be replaced 2 days after planting, using a seedling grown in a mock-inoculated pot at LP. Plants were grown for 6 weeks in a semi-controlled glasshouse under natural light from July to August (Southern Hemisphere winter). The glasshouse temperature was set at 22 ± 2°C (day) and at 14 ± 2°C (night). The soil was maintained at field capacity \[5% water (w/w) for this soil\] by watering to weight with half-strength Long Ashton solution minus P (modified as above). The concentration of ZnSO~4~ was increased 2.3 times because a previous experiment showed that the Zn concentration in shoots of 5-week-old medic supplied with half-strength Long Ashton nutrient solution was slightly lower than adequate (Christophersen, H. M., unpublished) and it is known that Zn deficiency has effects on P transporter expression and other aspects of P nutrition (Huang et al., [@B18]). Additional N was supplied as NH~4~NO~3~ at the rate of 5, 10, 15, and 15 mg N per pot after 2, 3, 4, and 5 weeks, respectively, to account for the increasing N demand (Smith et al., [@B35]).

Plants were destructively harvested at 6 weeks. One day before harvest subsamples of roots were collected by coring the pots on each side of the plant with a 1-cm diameter corer. The cored roots from each pot were quickly washed in RO water, mixed thoroughly, and then divided into two samples for extraction of RNA and determination of percent root length colonized by AM fungi. Fresh weights (FW) of these samples were recorded in order to calculate the total root dry weight (RDW) after the destructive harvest. Roots for RNA extraction were fast frozen in liquid nitrogen and stored at −80°C. Roots for determination of colonization were stored in 50% ethanol until further processing (see below). At harvest, shoots were cut from the plants, rinsed, and blotted. Roots were washed in tap water and rinsed in 0.1 M HCl solution, followed by a thorough rinse in RO water to ensure that As was removed from the surface of the roots (Marin et al., [@B23]) and patted dry with paper towels. FW of both shoots and residual roots were recorded before drying at 85°C for 48 h to obtain shoot dry weight (SDW) and residual RDW. Tissue P and As concentrations were determined by Radial CSIROS inductively coupled plasma atomic emission spectroscopy (ICP-AES, see below). Total RDW was determined from the root FW/DW ratio of the residual samples and the total FW of all root samples. Two plants in the HP, 5 As, and NM treatment group grew very poorly and were omitted from the analysis. Therefore this treatment group only had three replicates.

Assessment of AM colonization
-----------------------------

Roots in 50% ethanol were rinsed thoroughly with RO water and cleared in 10% KOH for 3 days at room temperature and then for 3 min at 90°C. They were stained with 5% Schaeffer black ink in 5% white vinegar for 3 min at 90°C and de-stained in acidified water (Vierheilig et al., [@B37]). Between each step the roots were put on ice and then rinsed in RO water. Roots were maintained in acidified water until they were mounted on slides in glycerol. Percent colonization, including development of arbuscules, was determined according to the magnified intersects method (McGonigle et al., [@B25]) and mock-inoculated roots were thoroughly checked for lack of colonization under a dissecting microscope.

Tissue digestion and analysis
-----------------------------

Weighed samples of oven-dried plant tissue were digested with nitric/perchloric acid and analyzed by ICP-AES, by the Waite Analytical Services (University of Adelaide, SA, Australia). Some samples were analyzed in duplicate to give an indication of the homogeneity of the samples. The percent variation between the duplicate samples was less than 0.5% for both P and As.

Total uptake (micromoles per plant) and specific uptake (micromoles absorbed per gram RDW) of P and As and P/As ratios were calculated on a molar basis to highlight possible interactions between orthophosphate (Pi) and arsenate (AsV).

RNA extractions
---------------

RNA was extracted using a QIAGEN RNeasy Plant Mini Kit (QIAGEN Pty Ltd., Doncaster, VIC, Australia) following the manufacturer's instructions. The RNA extractions included the QIAGEN "on the column" RNAse-Free DNAse treatment. In addition extracted RNA was DNAse treated using the TURBO DNA-*free*™ kit (Applied Biosystems/Ambion, Austin, TX, USA) following the manufacturer's instructions to remove any remains of genomic DNA. RNA integrity was tested by running RNA on a 1.2% agarose gel and validation of the ribosomal RNA bands. RNA was quantified using a QuantiT™ RNA assay kit and Invitrogen Qubit Fluorimeter.

Reverse transcription
---------------------

For optimal use of 18S-ribosomal RNA (18S-RNA) as house-keeping gene (HKG), cDNA was synthesized using an mRNA and 18S-RNA co-application reverse transcription (Co-RT) method described by Zhu and Altmann ([@B41]). The Affinity Script quantitative real-time PCR (QPCR) cDNA synthesis kit (Stratagene, La Jolla, CA, USA) was used for the RT reactions. Different concentrations (0.2, 1, or 5 μM) of the 18S-RNA universal primer, NS21 (Simon et al., [@B29]), and the oligo-(dT) primer (0.3 μg) were tested with 0.25 and 0.5 μg of total RNA as described by Zhu and Altmann ([@B41]). The optimized combination of primers for the Co-RT reaction was 0.2 μM of NS21 and 0.3 μg of oligo-(dT) primer. Each 20 μl RT reaction included 0.5 μg of total RNA. The RT program was: 5 min at 25°C, 5 min at 42°C, 15 min at 55°C, and 5 min at 95°C. cDNA was stored at −20°C. No reverse transcriptase (NRT) controls were included, in order to assess genomic DNA contamination in the down-stream QPCR analysis.

Quantitative real-time PCR
--------------------------

Quantitative real-time PCR was performed using the Brilliant II QPCR master mix (Stratagene) containing SYBR green. Amplification and detection of PCR products were performed in a MX3000P instrument (Stratagene). Twenty microliters QPCR reactions using 150 nmol of each primer and 2 μl templates were set up according to manufacturer's instructions. Primers (for details, see Table [2](#T2){ref-type="table"}) were designed using the NCBI Primer3 primer design tool[^1^](#fn1){ref-type="fn"} or Beacon designer (obtained as a service from Integrated Sciences). HPLC-purified primers were synthesized by Operon Biotechnologies GmbH[^2^](#fn2){ref-type="fn"}. In addition to *Mt18S* we chose to include *MtELF1* and *Mtcycl* because, from our experience with barley, they show stable expression in roots upon inoculation with *G. intraradices* and in the presence of As (Christophersen et al., [@B12]). In addition these two genes showed stable expression in medic inoculated with either *G. intraradices* or *Gigaspora margarita* at 0 and 10 mg P kg^−1^ soil (Christophersen, H. M., unpublished data). The cDNAs were diluted 1:10 for detection of the genes of interest (GOI), 1:100 for detection of HKG *MtELF1* and *Mtcycl* and 1:10000 for detection of the HKG, *Mt18S*. The *Lotus japonicus* EST contig number TC65916 was identified by keyword-searching "phytochelatin" in the *L. japonicus* DFCI Gene Index[^3^](#fn3){ref-type="fn"}. Blasting of TC65916 to the *M. truncatula* DFCI Gene Index identified the medic putative phytochelatin synthetase (*MtPCS*) with the contig number TC116338 (TC115338 no longer current, now replaced by TC175804). The EST (contig number TC118619) encoding the putative arsenate reductase, *MtACR*, was found by a blast search using an Arabidopsis *ACR* (*CDC25*) gene to the *M*. *truncatula* DFCI Gene Index.

###### 

**Details of primers used in Quantitative real-time PCR analysis of gene expression in medic (*Medicago truncatula*)**.

  Target gene   GenBank accession/contig number   Primer sequence               Orientation   Amplicon (bp)
  ------------- --------------------------------- ----------------------------- ------------- ---------------
  Mtcycl        TC101828                          CGTAGAGGTTATTACGACAACGTTAAG   Forward       178
                                                  GCATTAGCCATTGATAAAATACCAGC    Reverse       
  MtELF1        TC94335                           GGTTGGTACGATGTGGTCTCTTCACA    Forward       100
                                                  GTGCTTCTGCAGCTGGAGCAACTT      Reverse       
  18S-rRNA      AF093506.1                        ATGATAACTCGTCGGATCGC          Forward       128
                                                  CGAACCCTAATTCTCCGTCA          Reverse       
  MtPT1         AF000354.1                        AGCCCGTTACACCGCTCTTG          Forward       165
                                                  CATGTTCCAAACAAAGCCAAACCG      Reverse       
  MtPT2         AF000355.1                        GACTTCTCACAAGGAGGTCTTCTC      Forward       76
                                                  CCTGACATGGCTGAATTTGTTACC      Reverse       
  MtPT4         AY116210.1                        CCAAGCACTAACAAACCAGGGAAG      Forward       176
                                                  AGAGCAAATGGCACAAGCAACC        Reverse       
  MtPT5         EF016359.1                        CACAGATCCTACCCAACCAAAGC       Forward       179
                                                  CGAGCGAACAACCTACCATAAGC       Reverse       
  MtPT6         AM982728.1                        TGGCCTTTCTTTTGGTCACT          Forward       140
                                                  CACGAGTCTTTTTGTTGGCA          Reverse       
  MtMT4         U76742.1                          ATGATTGCTGGGAATGAACC          Forward       140
                                                  GGGGTGTTGCCATATGAAAG          Reverse       
  MtPCS         TC175804                          TCACACTCAACCAAGGATGGGCA       Forward       128
                                                  TGGGAAGTTGAGGACATTCACAGGT     Reverse       
  MtACR         TC118619                          TCTGAGAGGCATGGGAGTCGGA        Forward       134
                                                  TGGCGATGGTTGGTTGGCGT          Reverse       

The QPCR cycling program was initiated with 10 min at 95°C to activate the polymerase, followed by 40 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s for the GOI. For *Mt18S* the annealing temperature was 61°C for 20 s. Analysis of all samples was performed with three technical replications. The normalized relative quantity (NRQ) was determined using the software qBasePlus version 2.1 (Biogazelle, Belgium). Analysis of the reference genes tested in qBasePlus using geNorm revealed that the *Mt18S* was too variable across samples and accordingly only *MtCycl* and *MTELF1* were used as HKG.

Statistical analyses
--------------------

Since some data distributions did not fulfill the assumptions of normality and/or homogeneity of variances for a parametric ANOVA we used PERMANOVA (Anderson, [@B2]), a distance-based permutation procedure. We used Euclidean distances as recommended for univariate analyses (M. Anderson, personal communication) followed by the corresponding *a posteriori* pair-wise comparison tests (McArdle and Anderson, [@B24]).

Results
=======

AM colonization and plant growth
--------------------------------

Mock-inoculated plants remained non-mycorrhizal (NM; results not shown). Plants inoculated with *G. intraradices* or *G. mosseae* formed arbuscular mycorrhizas, with percent root length colonized in the range 43--73% (Table [3](#T3){ref-type="table"}). There was no effect of P on colonization. However, the interaction between As and inoculation was significant (*P *= 0.001) and indicated decreased colonization of plants inoculated with *G. intraradices* with increasing As levels, while the colonization of plants inoculated with *G. mosseae* was unaffected (Table [3](#T3){ref-type="table"}). There were no differences in percent root length containing arbuscules between the fungi at 0 As or in response to P application. However, there was a slight reduction in percent root length containing arbuscules of *G. intraradices* at 2.5 As and of both fungi at 5 As (results not shown).

###### 

**Percent root length colonized in medic (*Medicago truncatula*) grown in pots with two levels of phosphorus (P; 10 and 20 mg P kg^−1^ soil) with no addition of arsenate (0) or AsV added at the rates of 2.5 and 5 mg As kg^−1^ soil**.

  As level (mg As kg^−1^ soil)   Percent root length colonized   
  ------------------------------ ------------------------------- ----------------
  0                              73.4 ± 1.7^a^                   65.1 ± 2.8^ab^
  2.5                            56.6 ± 4.9^b^                   62.1 ± 3.5^ab^
  5.0                            42.7 ± 4.0^c^                   60.7 ± 3.8^ab^

*The effect of P on percent colonization was not significant, while the interaction between inoculation and arsenate addition (As) was (*P* = 0.001). Inoculated plants from the two P treatments were analyzed together; mock-inoculated plants were not colonized and have been omitted. Data are presented as mean ± SEM (*n* = 10). Values with the same letters indicate no significant difference between treatments*.

Shoot and root DW are shown in Figure [1](#F1){ref-type="fig"}. The interaction between inoculation, P, and As with respect to SDW was significant (*P* = 0.040). In the absence of As (0 As) NM plants responded positively to the application of P, but there were no significant responses to P in AM plants. At LP there was a small positive mycorrhizal growth response (MGR) to inoculation with *G. mosseae*, but not to *G. intraradices*. At HP AM plants grew significantly less well than NM plants (negative MGR).

![**Shoot (above *x*-axis) and root (below *x*-axis) DW of non-mycorrhizal (open bars) and arbuscular mycorrhizal (*G. intraradices*, gray bars and *G. mosseae*, dotted bars) medic (*Medicago truncatula*) grown in pots with different phosphorus (P) levels, 10 and 20 mg P kg^−1^ soil (LP and HP, respectively) and with no arsenic (As) added to the soil (0 As), or at rates of 2.5 and 5 mg As kg^−1^ soil (2.5 As and 5 As respectively)**. Data are presented as mean values ± SEM (*n* = 5 except for treatment group NM, HP5As where *n* = 3). The interaction between all factors (P, As, and inoculation) was significant (*P *= 0.040) for SDW. The interaction between P and inoculation on RDW (illustrated in insert) was significant (*P* = 0.007) and independent of the effect of As (*P* = 0.0001). In each figure the same letters indicate no significant difference between treatment groups at the 5% level.](fphys-03-00091-g001){#F1}

Application of As generally reduced SDW, most markedly in NM plants and at 5 As. SDW of NM plants and plants inoculated with *G. intraradices* were markedly lower at 5 As than at 2.5 As. Plants inoculated with *G. mosseae* also showed lower growth at 5 As than at 2.5 As but the reduction was only significant at HP. Because the growth of NM plants was negatively impacted by As application there were larger differences in DW between NM and AM plants as As application increased at both LP and HP (i.e., MGRs increased). This effect was consistent at both P levels and both As levels for plants inoculated with *G. mosseae*, but only at 2.5 As for plants inoculated with *G. intraradices*.

For RDW the interaction between P and inoculation was significant (*P *= 0.007), as was the overall effect of As (*P* = 0.0001). At LP the RDW of plants inoculated with *G. intraradices* was lower than for NM plants, but that of plants inoculated with *G. mosseae* was unaffected. At HP RDW of NM plants increased, but that of AM plants did not and there was no difference between the two AM treatments (Figure [1](#F1){ref-type="fig"}, insert).

Uptake of P and As
------------------

P concentrations were generally higher in AM plants than NM plants within each P and As treatment, with values for *G. mosseae* in many cases higher than those for *G. intraradices*. Values for shoots in NM plants were higher than those in roots (Table [4](#T4){ref-type="table"}). Hence, P content (Figure [2](#F2){ref-type="fig"}A) showed similar trends to plant dry weight, but differences were more marked. The interaction between inoculation, P and As on P content was significant (*P *= 0.005). Inoculation with *G. mosseae* markedly increased P content in the plants at all As additions and at both P levels compared with equivalent NM plants. Plants inoculated with *G. intraradices* had intermediate P contents that were significantly higher than NM plants and lower than *G. mosseae*-inoculated plants at LP and at HP5As. At HP2.5As P contents of *G. intraradices*- and *G. mosseae*-inoculated plants were similar and higher than those of NM plants.

###### 

**P and As concentrations (μmol g DW^−1^) in shoots and roots of medic (*Medicago truncatula)* grown at two different P supplies (10 and 20 mg P kg^−1^ soil) and three As supplies (0, 2.5, and 5.0 mg As kg^−1^ soil)**.

  P application (mg P kg^−1^)   As application (mg kg^−1^)   Inoculation         P concentration (μmol g DW^−1^)   As concentration (μmol g DW^−1^)                       
  ----------------------------- ---------------------------- ------------------- --------------------------------- ---------------------------------- ------------------- -----------
  10                            0                            NM                  39.5 ± 1.8                        30.1 ± 1.6                         ND                  ND
                                                             *G. intraradices*   42.3 ± 3.0                        47.4 ± 3.2                         ND                  ND
                                                             *G. mosseae*        56.7 ± 4.2                        53.2 ± 2.8                         ND                  ND
  20                            0                            NM                  46.8 ± 1.7                        30.2 ± 1.1                         ND                  ND
                                                             *G. intraradices*   52.3 ± 3.7                        49.4 ± 3.1                         ND                  ND
                                                             *G. mosseae*        66.8 ± 6.1                        64.4 ± 4.8                         ND                  ND
  10                            2.5                          NM                  42.3 ± 2.3                        19.9 ± 2.2                         0.035 ± 0.002       1.7 ± 0.3
                                                             *G. intraradices*   49.9 ± 1.4                        49.7 ± 3.6                         NA\*                2.7 ± 0.2
                                                             *G. mosseae*        65.7 ± 6.6                        57.3 ± 1.7                         NA\*                2.0 ± 0.1
  20                            2.5                          NM                  43.4 ± 2.3                        16.0 ± 3.6                         0.045 ± 0.004       1.3 ± 0.3
                                                             *G. intraradices*   59.0 ± 2.4                        44.1 ± 3.6                         0.038 ± 0.001       2.0 ± 0.3
                                                             *G. mosseae*        56.6 ± 5.3                        50.2 ± 6.3                         0.029 ± 0.001\*\*   2.0 ± 0.2
  10                            5.0                          NM                  33.5 ± 0.9                        18.3 ± 2.0                         0.069 ± 0.005       4.2 ± 0.3
                                                             *G. intraradices*   49.2 ± 3.7                        38.4 ± 5.1                         0.049 ± 0.001       7.4 ± 0.5
                                                             *G. mosseae*        62.7 ± 2.6                        49.4 ± 5.4                         0.051 ± 0.007       4.0 ± 0.7
  20                            5.0                          NM                  44.2 ± 4.8                        14.5 ± 4.9                         0.084 ± 0.003       2.3 ± 0.7
                                                             *G. intraradices*   69.5 ± 4.7                        61.8 ± 9.5                         0.065 ± 0.005       8.2 ± 1.4
                                                             *G. mosseae*        70.9 ± 3.1                        53.4 ± 6.5                         0.054 ± 0.007       4.6 ± 0.3

*ND, not detectable, below detection limit; NA, not applicable; \*Four out of five replicates were below detection limit; \*\*Two out of five replicates below detection limit, therefore replaced by mean of the three positive values*.

*Data are presented as means ± SEM (*n* = 5 except for treatment group NM, HP5As where *n* = 3)*.

![**Total P content (A) and As content (B) of non-mycorrhizal (open bars) and arbuscular mycorrhizal (*G. intraradices*, gray bars and *G. mosseae*, dotted bars) medic (*Medicago truncatula*) grown in pots with different phosphorus (P) levels, 10 and 20 mg P kg^−1^ soil (LP and HP, respectively) and with no arsenic (As) added to the soil (0 As), or at rates of 2.5 and 5 mg As kg^−1^ soil (2.5 As and 5 As, respectively)**. Data are presented as mean values ± SEM \[*n* = 5 in **(A)**, except in treatment group NM, HP5As where *n* = 3; *n* = 10 in **(B)** except in treatment group NM, 5 As where *n* = 8\]. In **(A)**, the interaction between all factors (P, As, and inoculation) was significant (*P *= 0.005). In **(B)** no As was detectable in plants grown in the absence of As. The interaction between inoculation and As application was significant (*P *= 0.006). In each graph the same letters indicate no significant difference between treatment groups at the 5% level.](fphys-03-00091-g002){#F2}

For specific P uptake (Figure [3](#F3){ref-type="fig"}A) the interaction between inoculation and As was significant (*P* = 0.001). Hence there was significantly increased specific P uptake in AM plants compared with NM plants at 0 As and higher specific uptake in plants inoculated with *G. mosseae* than *G. intraradices*. Specific P uptake was also higher in AM plants compared to NM plants when As was added to the soil, but there was no difference between the different As treatments. Application of As lowered specific P uptake in NM plants but not in AM plants.

![**Effects of As and inoculation on specific P uptake (A) and specific As uptake (B) of non-mycorrhizal (open bars) and mycorrhizal (*G. intraradices*, gray bars and *G. mosseae*, dotted bars) medic (*Medicago truncatula*) grown in pots with different phosphorus (P) levels, 10 and 20 mg P kg^−1^ soil (LP and HP, respectively) and with no arsenic (As) added to the soil (0 As) or at rates of 2.5 and 5 mg As kg^−1^ soil (2.5 As and 5 As, respectively)**. Data are presented as mean values ± SEM (*n* = 10, except for treatment group NM, 5 As where *n* = 8). For specific P uptake **(A)** the interactions between As and inoculation and between P and As were significant (*P *= 0.001 and 0.002, respectively). For specific As uptake **(B)** the interaction between As and inoculation was significant (*P* = 0.0001). In each panel the same letters indicate no significant difference between treatment groups at the 5% level.](fphys-03-00091-g003){#F3}

No As was detected in plants that grew at 0 As and these were excluded from PERMANOVA analyses. All plants took up As when As was applied to the soil (Table [4](#T4){ref-type="table"}). Arsenic concentrations were very much higher in roots than in shoots, as observed many times previously (Table [4](#T4){ref-type="table"}). At LP2.5As only a single replicate of each mycorrhizal treatment contained detectable As in the shoots. The interaction between inoculation and As application on As content was significant (*P* = 0.006). Increasing As application from 2.5 As to 5 As increased As content of NM plants slightly and of AM plants to a greater extent (Figure [2](#F2){ref-type="fig"}B). At 2.5 As AM inoculation had no effect on As content, but at 5 As both groups of AM plants had higher As contents than NM.

For specific As uptake the interaction between inoculation and As application was significant (*P* = 0.0001). In all inoculation treatments specific uptake of As was higher at 5 As than at 2.5 As, regardless of P application (Figure [3](#F3){ref-type="fig"}B). At 2.5 As values for all AM plants were slightly but significantly higher than NM, whereas at 5 As there were clear differences between plants inoculated with *G. intraradices* and *G. mosseae*. Thus, whereas *G. intraradices* consistently increased specific As uptake compared with NM plants, the only significant increase in specific uptake of As in *G. mosseae-*inoculated plants was at 2.5 As.

In general P concentrations were lower and As concentrations higher in NM compared with AM plants in both roots and shoots in each P and As treatment (Table [4](#T4){ref-type="table"}). Hence, P/As molar ratios at 2.5 As were higher in AM than NM plants, with effects of *G. mosseae* more marked than those of *G. intraradices* (Figure [4](#F4){ref-type="fig"}). At 5 As all P/As ratios within inoculation treatments were lower (Figure [4](#F4){ref-type="fig"}). *G. mosseae*-inoculated plants again had P/As ratios that were higher than NM or *G. intraradices*-inoculated plants. Ratios in shoots were very much lower than roots, as expected from the low amounts of As transferred to shoots (results not shown).

![**Effect of As and inoculation on the molar P/As ratio of non-mycorrhizal (open bars) and mycorrhizal (*G. intraradices*, gray bars and *G. mosseae*, dotted bars) medic (*Medicago truncatula*) grown in pots with different phosphorus (P) levels, 10 and 20 mg P kg^−1^ soil (LP and HP, respectively) and with no arsenic (As) added to the soil (0 As) or at rates of 2.5 and 5 mg As kg^−1^ soil (2.5 As and 5 As, respectively)**. No As was detectable in plants grown in the absence of As, and these treatment groups were therefore excluded from analysis. Data are presented as mean values ± SEM (*n* = 10, except for treatment group NM, 5 As where *n* = 8). The interaction between As and inoculation was significant (*P* = 0.015) and independent of the effect of P (*P* = 0.044). Same letters indicate no significant difference between treatment groups at the 5% level.](fphys-03-00091-g004){#F4}

Gene expression
---------------

*MtMT4* (*MT4*) is a non-coding gene whose expression is negatively related to the P status of the plant (see Table [1](#T1){ref-type="table"}). Consistent with this, *MT4* expression was significantly lower at HP than LP, with lower expression also in AM than NM plants at both P levels (Figure [5](#F5){ref-type="fig"}). These findings show that changes in plant P status following P application and inoculation were detected at the molecular level. However, within each inoculation treatment As application had no significant effects on *MtMT4* expression (results not shown).

![**Normalized relative quantity (NRQ) of *MtMT4* in roots of non-mycorrhizal or mycorrhizal medic (*Medicago truncatula*) grown in pots with different phosphorus (P) levels, 10 and 20 mg P kg^−1^ soil (LP and HP, respectively) and with no arsenic (0 As) or arsenic added to the soil at rates of 2.5 and 5 mg As kg^−1^ soil (2.5 and 5.0 As)**. Data are presented as mean values ± SEM (*n* = 10, except for treatment group NM, HP where *n* = 8). The interaction between inoculation and P application was significant (*P *= 0.008). Non-mycorrhizal plants, open bars and plants colonized by *Glomus intraradices* gray bars and *G. mosseae* dotted bars. Same letters indicate no significant differences between treatment groups at the 5% level.](fphys-03-00091-g005){#F5}

Expression of *MtPht1;1* (*PT1*) is shown in Figure [6](#F6){ref-type="fig"}. The interaction between inoculation, P, and As was significant (*P* = 0.045). Expression was generally lower in plants inoculated with *G. mosseae* compared to NM plants, but significantly lower than in plants inoculated with *G. intraradices* only at LP0As and HP5As. Plants inoculated with *G. intraradices* had lower expression than NM plants only at LP5As, HP0As, and HP5As.

![**Normalized relative quantity (NRQ) of *MtPht1;1* in roots of non-mycorrhizal (open bars) and mycorrhizal (*G. intraradices*, gray bars and *G. mosseae*, dotted bars) medic (*Medicago truncatula*) grown in pots with different phosphorus (P) levels, 10 and 20 mg P kg^−1^ soil (LP and HP, respectively) and with no arsenic (As) added to the soil (0 As) or at rates of 2.5 and 5 mg As kg^−1^ soil (2.5 As and 5 As, respectively)**. Data are presented as mean values ± SEM (*n* = 5, except for treatment group NM, HP5As where *n* = 3). The interaction between all factors (P, As, and inoculation) was significant (*P *= 0.045). Same letters indicate no significant difference between treatment groups at the 5% level.](fphys-03-00091-g006){#F6}

The interaction between the factors P and As on expression of *MtPht1;2* (*PT2*) was significant (*P *= 0.001), as was the overall effect of inoculation (*P* = 0.0001). Results indicated highest expression of *PT2* in plants grown at LP and 5 As. There was no significant effect of P application on *PT2*, regardless of inoculation. The overall effect of inoculation on *PT2* was lower expression in plants inoculated with *G. mosseae* compared to NM plants and plants inoculated with *G. intraradices* (results not shown).

Expression of *MtPht1;4* (*PT4*) is shown in Figure [7](#F7){ref-type="fig"}. The interaction between inoculation, P, and As was significant (*P* = 0.002). Plants inoculated with either *G. intraradices* or *G. mosseae* had markedly and significantly higher expression of *PT4* than NM plants; most of the latter showed very low or undetectable expression. The expression of *PT4* in plants inoculated with *G. mosseae* was similar over the different treatments and generally lower than in plants inoculated with *G. intraradices*. Plants inoculated with *G. intraradices* showed similar consistent *PT4* expression at HP, but at LP expression decreased with increasing application of AsV.

![**Normalized relative quantity (NRQ) of *MtPht1;4* in roots of non-mycorrhizal (open bars) and mycorrhizal (*G. intraradices*, gray bars and *G. mosseae*, dotted bars) medic (*Medicago truncatula*) grown in pots with different phosphorus (P) levels, 10 and 20 mg P kg^−1^ soil (LP and HP, respectively) and with no arsenic (As) added to the soil (0 As) or at rates of 2.5 and 5 mg As kg^−1^ soil (2.5 As and 5 As, respectively)**. Data are presented as mean values ± SEM (*n* = 5, except for treatment group NM, HP5As where *n* = 3). The interaction between all factors (P, As, and inoculation) was significant (*P *= 0.002). Same letters indicate no significant difference between treatment groups at the 5% level.](fphys-03-00091-g007){#F7}

In general expression of *MtPht1;5* (*PT5)* did not vary greatly across treatments (results not shown). However, the effects of inoculation and As were significant (*P* = 0.001), as was the overall effect of P (*P* = 0.0001). The lowest expression was in plants grown with HP. The interaction between inoculation and As indicated lower expression of *PT5* in NM plants when As was added to the soil. Plants inoculated with *G. intraradices* showed similar expression levels regardless of As addition, while plants inoculated with *G. mosseae* had lowest expression of *PT5* at 0 As and highest expression at 5 As.

Expression of *MtPht1;6* (*PT6*) was significantly affected by inoculation (*P* = 0.0001) showing lower expression in plants inoculated with either *G. intraradices* or G. *mosseae* compared with NM plants. Neither P or As addition had any effect on *PT6* expression (results not shown).

Inoculation resulted in consistent and significantly (*P* = 0.0001) higher expression of *MtPCS* and *MtACR* in AM compared with NM plants, with no significant differences between plants inoculated with *G. intraradices* or *G. mosseae* (Figures [8](#F8){ref-type="fig"}A,C). Application of P had no effect on expression of these genes. Application of 5 As increased expression of *MtACR* by about 16% (*P* = 0.003; Figure [8](#F8){ref-type="fig"}B).

![**Normalized relative quantity (NRQ) of *MtACR* (A,B) and *MtPCS* (C) in roots of medic (*Medicago truncatula*) grown in pots with different phosphorus (P) levels, 10 and 20 mg P kg^−1^ soil and with no arsenic (As) added to the soil (0 As) or at rates of 2.5 and 5 mg As kg^−1^ soil (2.5 As and 5 As, respectively)**. **(A,C)** Show effects of inoculation (non-mycorrhizal, NM, open bars; *G. intraradices*, Gi, gray bars; and *G. mosseae*, Gm, stippled bars) on expression of both *MtACR* and *MtPCS* (*P *= 0.0001). **(B)** shows effect of As application on *MtACR* (*P *= 0.003). There were no effects of P application on expression of either gene. Data are presented as mean values ± SEM (*n* = 5, except for treatment group NM, HP5As where *n* = 3). Same letters indicate no significant difference between treatment groups at the 5% level.](fphys-03-00091-g008){#F8}

Discussion
==========

Arbuscular mycorrhizal colonization by both fungi was relatively high and small decreases with As application only occurred in plants inoculated with *G. intraradices*, as shown previously for this plant/fungus combination (Pope et al., [@B28]). In most previous investigations, including those using *G. mosseae*, effects of As on percent root length colonized have not been widely observed (Smith et al., [@B31]). Here the more marked effect of 5 As on total and arbuscular percent colonization by *G. intraradices* could have been related to higher concentrations of As in roots colonized by this fungus compared with those colonized by *G. mosseae*. Reduced expression of the AM-inducible transporter *PT4* with increasing arsenic in *G. intraradices*-inoculated plants grown at low P could have been related to the reduction in colonization and arbuscule development. Both these points require further investigation.

Medic did not show large positive responses to AM colonization in terms of growth at LP0As, but there were significant positive responses to inoculation in terms of total plant P uptake and specific P uptake, with effects generally greater in plants inoculated with *G. mosseae* than with *G. intraradices*. Both these effects are reflected in higher P concentrations in the AM plants. Large positive responses were not expected because of the chosen P applications. With HP0As, both fungi produced small growth depressions, possibly due to carbon drain to the fungus that was not fully compensated by P uptake by the AM pathway (Smith et al., [@B30]). Increases in P concentrations, P content, and specific P uptake in AM plants compared with NM counterparts, together with high expression of the AM-inducible Pi transporter *MtPht1;4*, suggest significant delivery of P via the AM pathway.

The NM plants showed significant growth reductions and As toxicity as As application was increased (as shown previously, Chen et al., [@B9]; Pope et al., [@B28]). Toxicity in NM plants was significantly alleviated by additional P supply only at 2.5 As (see also Pope et al., [@B28]), but inoculation increased growth over NM controls at both levels of P with *G. intraradices* at 2.5 As and with *G. mosseae* at both 2.5 As and 5 As. These effects were associated with higher P concentrations, contents, and specific P uptake. The molar ratios of P/As were highest for *G. mosseae*-inoculated plants and lowest for NM plants, with *G. intraradices*-inoculated plants intermediate or equal to NM plants. Hence *G. mosseae*-inoculated plants showed the highest selectivity of P uptake over As uptake in both roots and shoots. The effect of AM colonization on increasing P/As selectivity is completely consistent with much previous work (Zhao et al., [@B39]; Smith et al., [@B31]) and provides the starting point for our exploration of possible mechanisms.

Our hypothesis was that the high P/As selectivity would be associated with continuing supply of P, but little or no As, via the AM pathway and reduced uptake of both P and As via the epidermal direct pathway. The increased specific P uptake in AM plants and the high expression of *PT4* in the AM pathway, regardless of small effects of As application on *G. intraradices* colonization, is consistent with this hypothesis. Furthermore, reduced expression of *PT1* and *PT2* in medic colonized by AM fungi (as shown here and previously in the absence of As; Liu et al., [@B20]; Burleigh, [@B5]; Chiou et al., [@B10]), particularly in plants inoculated with *G. mosseae*, suggests that activity of the direct pathway was lower than in *G. intraradices*-inoculated plants. This observation provides some explanation for the differential effects of the two fungi. The lower expression of both *PT1* and *PT2* observed here with *G. mosseae* does not agree with the findings of Grunwald et al. ([@B16]) who showed that a different isolate of this AM fungal species had only very small effects on expression of these genes. The discrepancy may be the result of use of different HKG in the two investigations. Nevertheless, much more work is needed to sort out variations in gene expression such as this in the context of functional diversity among different plant--AM fungal combinations. Analysis of expression of the other genes encoding Pi transporters (Table [1](#T1){ref-type="table"}) does not shed much further light on this issue. In *G. mosseae*-inoculated plants *PT5* showed lower expression than other treatments at 0 As, with a significant increase as As application increased. Expression of *PT6* was reduced to the same extent in AM plants with both fungi, compared with NM plants (as shown previously by Grunwald et al., [@B16]), but the role of this gene in Pi (or AsV) uptake or redistribution in plants remains obscure.

Specific As uptake by NM plants was not significantly lower at HP than LP, which would have been expected if competition between Pi and AsV was an important factor influencing As uptake. This finding suggests that competition in uptake from soil between AsV and Pi may only make a small contribution to the overall effects of P on As toxicity (see Pope et al., [@B28]; Christophersen et al., [@B12]). Data for specific As uptake did not show the decrease in AM compared with NM plants at either P level that would be expected if lower uptake via the direct pathway and/or increased AsIII efflux are major contributors to lower AsV content and high P/As selectivity. Although specific As uptake was generally lower in *G. mosseae*-inoculated than in *G. intraradices*-inoculated plants neither had lower specific uptake than equivalent NM plants. Increases in specific As uptake in *G. intraradices*-inoculated plants may have been the result of uptake and delivery of As via the AM pathway. However, this is inconsistent with findings for non-responsive barley using the same isolate of *G. intraradices* (Christophersen et al., [@B11]) and responsive *Medicago sativa*, using *G. mosseae* (Chen et al., [@B9]). In both cases plants were grown in compartmented pots and results showed little or no evidence for As transfer via the AM pathway. Furthermore, if this was the explanation, higher transfer of As via *G. mosseae* would have been expected because these plants apparently had higher AM pathway activity than those inoculated with *G. intraradices*. The issues relating to differential activity of direct pathway and AM pathway in the context of uptake of Pi and AsV can only be readily resolved by the use of radioactive tracers of both As and Pi in compartmented pots (Smith et al., [@B31]).

There remains the possibility that effects of AM inoculation other than those associated with Pi or AsV uptake may be involved in As tolerance in AM plants. Here, we have provided preliminary evidence that AM colonization increases expression of two plant genes \[phytochelatin synthase (*MtPCS*) and arsenate reductase (*MtACR*)\] that encode proteins thought to be involved in arsenate detoxification. Both *Medicago* genes were expressed in NM plants and showed no major induction in the presence of As. The lack of difference in expression between *G. intraradices*- and *G. mosseae*-inoculated plants does not help explain the differential effects of the two fungal symbionts in alleviating As toxicity. In the case of *MtPCS* the lack of effect of As is in line with previous work showing constitutive production of PCs (see Clemens and Persoh, [@B13]). It has been suggested that PCs are involved in metal homeostasis and that apparent roles in detoxification of As follow from this (see Clemens and Persoh, [@B13]; Zhao et al., [@B39]). Increased *MtPCS* expression in AM roots, as shown here, could be primarily related to the role of AM fungi in delivering metals such as Zn to the roots (Bürkert and Robson, [@B4]). In the case of *MtACR*, increased expression might result in increased reduction of AsV to AsIII causing detoxification and possibly increased As transfer to the shoots (see Bleeker et al., [@B3]; Duan et al., [@B14]; Zhao et al., [@B39] for references). However, increased shoot As was not detected in our analyses. The possibility that AsIII might be effluxed from either roots or AM fungal hyphae (Smith et al., [@B31]) is not likely because AM colonization did not decrease specific As uptake. Roles of both genes in alleviating As toxicity and more generally in metal binding in AM plants require further research.
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